Introduction
Fires are a prominent global phenomenon that affect natural vegetation and pose enormous danger to wildlife as well as people's life and property (Guild et al. 2004) . In addition, biomass burning has been identified as a significant source of greenhouse gases, carbon fluxes and trace gases, which pollute the atmosphere and contribute to radiative forcing responsible for global climate change (Wallace and Crosthwaite 2005; Devineau et al. 2010) .
Understanding the spatial and temporal distribution patterns of fire is very important for environmental protection. Several studies on spatial and temporal distribution patterns of forest fires have been previously conducted (Larsen 1997; Pew and Larsen 2001; Wittenberg and Malkinson 2009; Yang et al. 2009 ). Some scientists have studied or predicted the wildfire occurrence with the logistic regression or geographic information system (GIS) spatial analysis methods (Yang et al. 2007; Bartlein et al. 2008; Syphard et al. 2008; Vadrevu and Badarinath 2009; Grala and Cooke 2010; Zhang et al. 2010) . In the past, Chinese researchers usually studied the patterns of forest or grass fires in one or several provinces under the basis of fire frequency, burned area and time of occurrence (Tian et al. 2007; Yang et al. 2009; Zhao et al. 2009 ). Most of these studies only took into account the spatial and temporal distribution patterns, or the reason and probability prediction of fires. The general characteristics of biomass burning have not been studied at a national scale in China. Several prescribed burnings, small forest fires less than 1 ha, grassland fires (managed by Chinese Agricultural Administration) and burning in croplands have not been included in the statistical fire data published by the State Forestry Administration (SFA) of P. R. China. Moreover, scientists usually could not get the specific information about fires, such as location and burned area of all provincial forest or grass fires from the Chinese forest fire control. Hence, their results do not reflect the actual spatial and temporal distribution patterns of these fires. A sensor that can provide these data with multiple daily overpasses is the Moderate Resolution Imaging Spectroradiometer (MODIS) carried on Terra and Aqua satellites, which has been in operation for more than 10 years. The University of Maryland has freely provided the daily MODIS active fire data from 24 February 2002 to 30 June 2012. The produced record generated by the MODIS active fire detection algorithm, which was developed by Giglio et al. (2003) , includes diurnal as well as nocturnal images. In this paper, we provide an analysis of vegetation biomass burning characteristics within different land-cover categories and seasons across China using MODIS active fire data.
Materials and methods

Study area
The whole country of China was selected as the study area, which is located between 73840 0 E to 13582 0 30 00 E and 3852 0 N to 53833 0 N. The area includes cold-temperate, temperate, subtropical and tropical zones from the north-east to the south of China. The analysis was performed at different provincial levels to determine the burning vegetation types as well as the spatial and temporal distributions of fire.
Data description
The 1-km 2 spatial resolution active fire Collection 5 MOD14A1 (from 24 February 2000 to 31 December 2011) and MYD14A1 (from 4 July 2002 to 31 December 2011) products covering China were downloaded daily from the FTP server (http:// earthdata.nasa.gov/data/nrt-data/firms/, accessed 16 September 2013) of the University of Maryland. Because the downloaded MODIS active fire data did not include the information of land covers and county names, the 1 : 1 000 000 digital vegetation types map of China was used to assign the information of vegetation type to these active fire points. This map was generated by Chinese Academy of Science in 2001 based on the results of the nationwide vegetation surveys and the relevant data from the aerial remote sensing and satellite images as well as geology, pedology and climatology. It covers the entire Chinese territory and illustrates comprehensively the geographical distributions of 11 groups of vegetation types, 796 formations with their 54 vegetation sub-formations types and ,2000 dominants of communities, main agricultural crops and economic plants. In order to simplify the land-cover type in our study, we combined steppe, meadows and grass-dominated marshes to a general grassland group and integrated the tropical mangroves to broadleaf forests group and the deserts to non-vegetation land group (hereafter called 'others'). Bamboo has been classified as a single forest type in the Chinese national forest map based on the 5th national forest resources inventory, surveyed during the period of 1994-1998. We listed bamboo as a vegetation type of the broadleaf forests group of the vegetation map. Considering the change of vegetation types from 2000 to 2011, we updated the vegetation map of needle-leaf forests, broadleaf forests, mixed forests and bamboo using the results (classified as needle-leaf forests, broadleaf forests, mixed forests, bamboo and others) of the 6th and the 7th national forest resources inventories, surveyed during the periods of 1999-2003 and 2004-2008 respectively. Therefore, the vegetation types used in this study include eight types: needle-leaf forests, broadleaf forests, mixed forests, shrubs, grass, crop, bamboo and others. In order to assign the information of active fire points to the county name and to satisfy the need of analysis, we used the 1 : 1 000 000 administrative boundary, roads and waterbody (rivers and lakes) digital maps published by the Chinese Academy of Surveying and Mapping.
During the same period, the ground observation information on the location, occurrence, duration and burned area of large forest or grass fires, as well as the provincial statistical fire data (except Taiwan, Hong Kong and Macao) in the corresponding period, were collected. We investigated many burned areas and acquired information regarding their location, burning duration, total burned area and economic loss expressed in monetary value between 2000 and 2011. The provincial statistical fire data were taken from the SFA of P. R. China.
Methodology
The methodology of this study is to determine the land-cover types where the majority of burnings were concentrated as well as the temporal and spatial distributions of fire in China. MODIS active fire data were used as primary data, which were processed using the statistical and geographical methodologies shown in Fig. 1 
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Data preprocessing
The preprocessing included the creation of an active fire points feature layer of China from the coordinates of MODIS active fire points, the assignment of the vegetation type information and county name to all fire points, and the elimination of false alarms from the MODIS active fire points. The aim of this procedure was to prepare the fire detection data for further statistical analyses.
Attributive information on county names and land-cover types was added to each fire detection point through the 'spatial join' function with the digital administrative boundary map and vegetation type map using ArcGIS 9.3 software (ESRI China Information Technology Co. Ltd, Beijing). We used the vegetation type map of three periods of time to assign the land-cover type to the MODIS active fire points. The land-cover type of the MODIS active fire points before 2004 had been assigned with In many previous studies, the fire detection algorithm exploits the different responses of middle-infrared and longwave-infrared bands of satellite to the thermal targets (Dozier 1981; Justice et al. 2002; Giglio et al. 2003) . However, there are many abnormal thermal targets, which have been mistaken as fires (especially when identifying diurnal satellite images) by the detection algorithm. The detections are identified as hotspots by using satellite images. Currently, MODIS fire detections are approaching stage-4 validation (http://landval.gsfc.nasa.gov/, accessed 16 September 2013), but we found there is still some misinformation in the fire results. The false alarms of MODIS active fire points had been eliminated with our collected fire information and MODIS L1B images within the same period. We overlaid MODIS fire detection points with geometrically corrected MODIS images and GPS layers of burned area, collected during field survey, and eliminated those MODIS points that were not supported by visible burn scars in the images or field data. Then, MODIS active fire points located in waterbody layers were also removed. We found that 3906 full 1-km 2 fire pixels were within waterbodies and 100 of them have 100% fire confidence level. The validation results, obtained from the field survey information by local officers, showed nearly 90% of the active fire points were real fire. However, ,15% of the fires were not monitored because of the presence of clouds during the fire occurrence and satellite orbit.
Analysis
Statistical and GIS spatial analyses were conducted using the validated active fire points detected in the period between 24 February 2000 and 31 December 2011 to determine the main burning vegetation type, the spatial and temporal distribution patterns of fire. The statistical analysis included the fire count according to the vegetation type and occurrence date using the 'Summary Statistical' function in ArcGIS 9.3 software. The GIS spatial analyses included: the density analysis; analysis by province; and buffer analysis proximity to roads, populated area and waterbody analyses. In order to determine the density of fire point distribution, the map of the study area was plotted as a grid of 1-km 2 spatial resolution. The total count of fire points in each grid was calculated using IDL program (ESRI China Information Technology Co. Ltd).
Results and discussion
The total number of validated active fire points from 24 February 2000 to 31 December 2011 in China was 610 916 (Fig. 2) .
Burning land-cover types
To identify the land cover types where the majority of fires were concentrated, analyses were conducted on fire count based on its First, the change in total active fire points of the different land-cover types from February 2000 to December 2011 was analysed on a yearly basis. The land-cover type with the majority of burning was croplands, and fire count increased annually because of the prescribed burning during harvest in China (Fig. 3) . Broadleaf forests had the highest fire count among the forest types each year, probably because of the fact that these forests account for a larger area in China than any other forest. This result can also be attributed to the presence of numerous small fuel sources in broadleaf forests, such as plant litter and humus.
In addition, differences were found among the active fire counts proportion of the different land-cover types within the approximate 12-year study period. Fig. 4 demonstrates that crop was the vegetation type with the highest number of fire pixels, accounting for 37.5% of the total number of fires, followed by the broadleaf forest (21.2%). The percentage of the mixed forests was much lower than that of the needle-leaf or broadleaf forests, with only ,2.7%. The proportion for the bamboo was the lowest, with ,1.0%.
The average monthly fire percentage of fires recorded for the different land-cover types was also analysed. Seasonal differences were found among the different land-cover types (Table 1) . For example, the number of broadleaf forest active fire points (Table 1, Fig. 5) showed that two burning periods with percentages higher than 10% occurred during the 12-year study period. The spring burn period occurred from February to April, occupying 13.42, 20.26 and 16.75% of all the number of broadleaf forests fires, respectively. The autumn burn period occurred in October, with 11.49%. However, the result (Table 1) shows that many croplands fires occurred in May (12.07% of the total number of croplands fires) and June (35.31%).
Spatial distribution pattern
To identify the spatial distribution of biomass burning, the number of burning pixels in different provinces was determined with the validated burning detection data during the 12-year period. The results show that the burning pixels were mainly located in the provinces situated in the north-east, south-west and south of China, including Heilongjiang, Yunnan, Guangdong and Guangxi. Heilongjiang Province had the highest total number of fires among all the provinces during the 12 years, followed by Yunnan, Guangdong and Guangxi (Fig. 6) . In contrast, fewer burning pixels occurred in the western provinces, such as Xinjiang, Ningxia and Qinghai.
In addition, the forest fire occurrence was determined annually within the 12-year period with the national statistical forest fire data at the provincial level (Fig. 6) . The spatial distribution characteristics were different with the result obtained using the MODIS active fire data (Fig. 6) . Figs 6 and 7 provide different provincial results in terms of the province with the highest fire occurrence. Heilongjiang Province had the highest fire count from the validated MODIS active fire data during the 12-year study period (Fig. 6 ). In contrast, Fig. 7 shows that the Hunan Province had the highest forest fire occurrence, followed by Guizhou Province. Shanghai, Qinghai and Ningxia had the lowest forest fire occurrence. In fact, some provinces usually did not report the correct fire occurrence and burned area in the statistical data in China. At the same time, no forest fire information for Taiwan, Hong Kong or Macao were found in the national statistical forest fire data for the 12-year study period.
Obvious differences were found in the percentage calculated by using the MODIS active fire detections and the statistical fire data at province level within the 12-year study period (Table 2) . Heilongjiang Province had the highest percentage in the study years, accounting for 10.72% of the total active fire points detected by the MODIS sensor, followed by Yunnan Province, with 10.14%. Xinjiang, Qinghai and Hong Kong had the lowest proportion (,0.1%). No fire activity information had been recorded by the MODIS active fire products within the 12-year period in Macao. However, based on the statistical forest fire data from 2000 to 2011, Hunan Province had the highest forest fire occurrence (21.84%) of all the provinces, followed by Guizhou Province (14.66%). Beijing, Tianjin, Ningxia, Gansu and Qinghai had the lowest proportion of forest fire occurrence (,0.1%). In addition, no forest fire information was available for Taiwan, Hong Kong or Macao in the Chinese statistical fire data. The discrepancy in the total amount of fire between the two data sources can be explained in part by the absence of an effective fire monitoring system at the national or provincial levels before the development of satellite-based algorithms for fire detection. As shown in the previous result (Fig. 2) , the active fire counts do not directly translate into burned area, but are still indicative of the total level of fire activity. Therefore, we believe that the MODIS-based analysis provides a more complete quantification of fire occurrence in China. The number of active fire pixels for every 1-km 2 spatial resolution grid was calculated to determine the fire density in each 1-km 2 spatial resolution area. The fire pixels were irregularly distributed in each district and county (Fig. 8) . Most fire sites are located in the edge zone between grasslands and croplands. There were only 4.04% of land areas with active fire and 73.72% of those had only one fire in the 1-km 2 spatial resolution area during the 12 years studied in China. The chance Characterising vegetative biomass burning in China Int. J. Wildland Fireof recurred burning at the same location was shown to be very low during the period.
Temporal distribution pattern
The temporal distribution pattern of the active fire points was also analysed. The monthly counts of fire detections are shown in Fig. 9 . It shows that the number of fire detections varied every month. However, the general trend was a gradual increase of count from Four fire seasons were found to have occurred within 1 year (Fig. 9) . The first fire season was from January to June. The active fire detections showed an increasing trend, which is attributed to prescribed fires as well as the numerous forest fires that occurred in the south, south-west and north-east of China. The second fire season was from July to September and showed a decreasing amount of active fire detections because the vegetation turned green and precipitation was abundant. The third fire season was from September to November and showed an increase in active fire detections because of the senescent vegetation, harvest and lack of precipitation. The fourth fire season was from November to January of the following year and showed a decreasing amount of fires. Air temperatures were lowest during this period and combustion activities in China were reduced.
The MODIS active fire records showed that there were 4 months (June, April, March and February) that each made up more than 10% of the total percentage of fire records over the 12-year study period (Fig. 10) . Their total proportion was 52.7%. The highest active fire proportion month was June (15.6%), followed by March (14.0%). The month with the lowest proportion was September (4.0%).
The annual forest fire occurrence by province was analysed with statistical data because monthly forest fire records of all Chinese provinces were not available. Parts of these results are shown in Figs 7 and 11. Different annual fire percentage results were obtained when using (1) the MODIS fire data and (2) the statistical fire data (Fig. 11 ), but the change trends when using these two datasets were very similar.
Conclusions
Characterising vegetative biomass burning in China at national scale has been studied based on the analyses of MODIS active fire product data, statistical fire data and vegetation type maps. First, the general characteristics of biomass burning have been studied at a national scale in China by using the long time series MODIS active fire data and background information, which have not been analysed in the past. The results show that the majority of vegetative biomass burning in China at a national scale during 2000-2011 took place in croplands (37.5%), which had not been considered as a source of atmospheric pollution in China in the past, and followed by broadleaf forests (21.2%). Second, our results show that satellite records of fire occurrence in China differ from the national statistics. Three high-density fire regions of China at a national scale were identified when we integrated the results of spatial and temporal analyses by using the MODIS active fire pixels from 2000 to 2011. The first region was Heilongjiang Province in north-east China, where many large forest fires had been detected during April-May and September-October. Another was Yunnan Province, which is located in south-west China, where several small forest fires occurred during December-May. The last region with highdensity fires was Guangdong Province and Guangxi Autonomous Region in south China, where most fires were in cropland burning during November-March. The highest percentage of total fire pixels was observed in Heilongjiang Province (10.72%), followed by Yunnan (10.14%), Guangdong (8.36%) and Guangxi (7.97%). Several fires took place in FebruaryApril and June, all with percentages higher than 10% of the total percentage of fire records. The percentage during the other months was lower than 10%. These results highlight the value of satellite observations for scientific research and management purposes.
